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Oxidative protein folding in the luminal compartment of the endoplasmic reticulum is thought to
be mediated by a proteinaceous electron relay system composed by PDI and ER oxidoreductin 1
(Ero1), transferring electrons from the cysteinyl residues of substrate proteins to oxygen. However,
recent observations revealed that Ero1 isoforms are dispensable. Endoplasmic reticulum is known
as a generator and accumulator of low molecular weight oxidants; some of them have already been
shown to promote oxidative folding. On the basis of these observations a new theory of oxidative
folding is proposed where the oxidative power is provided by the stochastic contribution of
prooxidants.
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Investigation of the redox regulation of cellular processes lives
its renaissance nowadays. The luminal compartment of the endo-
plasmic reticulum (ER) attracted great interest as a place of the
integration of external and internal stimuli, which can be charac-
terized by a peculiar oxidizing milieu [1,2]. Oxidative protein fold-
ing, a key pathway of the ER, acts as a sensor helping the cell in the
adaptation to adverse environmental, metabolic or redox condi-
tions. Thus, exploration of the mechanism of disulﬁde bond forma-
tion has a paramount importance in the understanding of the
integrator function of the ER. The well-established classic pro-
tein-based model of the oxidative folding, however, has been chal-
lenged by recent observations.chemical Societies. Published by E
, ER oxidoreductin 1; PDI,
dryl oxidase; ROS, reactive
VKOR, vitamin K epoxide
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In eukaryotic cells, proteins destined to the extracellular space
or into the membranes undergo speciﬁc posttranslational modiﬁ-
cations, such as disulﬁde bond formation, in the luminal compart-
ment of the ER. In order to achieve their stable, native structure,
the nascent polypeptide itself contains all the sufﬁcient informa-
tion. However, disulﬁde linked folding is slow due to its depen-
dence on a suitable redox environment and needs to be assisted.
Studies using the classic substrate ribonuclease A led to the
identiﬁcation of protein disulﬁde isomerase (PDI). PDI has been
shown to catalyze disulﬁde bond formation, isomerization and
reduction on a wide range of substrates in vitro [3]. Between PDI
and folding intermediates covalent complexes were detected in
living mammalian cells [4], and in PDI-deﬁcient microsomes com-
promised disulﬁde bond formation was observed [5]. Genetic
screens searching for the oxidative source ensures reoxidation of
PDI discovered the conserved ER membrane-associated ER oxido-
reductin 1p (Ero1p) protein in Saccharomyces cerevisiae, which
was proven to be necessary for the oxidation of thiol groups [6].
Decreased Ero1p function results in thermosensitivity, increased
susceptibility to the reductant dithiothreitol treatment and defec-
tive maturation and transport of the disulﬁde-containing substrate
protein carboxypeptidase Y in yeast, whereas overexpressionlsevier B.V. All rights reserved.
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were detected both in vivo and in vitro, indicating the presence of
mixed disulﬁdes and suggesting an electron ﬂow from PDI to Ero1p
[7,8]. Ero1p homologues present in most species deﬁne a family of
genes with conserved functions. The identiﬁed human analogues –
Ero1L-a and Ero1L-b – were described to be ER-resident glycopro-
teins, which when overexpressed in ero1-1 yeast, compensate for
thermo- and dithiothreitol-sensitivity and for defective substrate
transport from ER to Golgi [9,10]. The isoforms differ from each
other in tissue distribution and inducibility, being Ero1L-b a target
of unfolded protein response (UPR). Both isoforms were shown to
facilitate oxidative folding and to form mixed disulﬁdes with PDI
[11,12]. Eros have been identiﬁed as ﬂavoproteins and an efﬁcient
pathway for oxidative folding of ribonuclease A as substrate protein
was reconstituted in vitro in a system composed by Ero1p or Ero1-
La plus PDI and FAD [8,13]. Molecular oxygen can be efﬁciently
used in vitro as ﬁnal electron acceptor both with Ero1p [14] and
Ero1-La [13], suggesting that molecular oxygen is most likely to
be at least one of the electron acceptors for the Ero1 family in vivo.
According to these observations, in the present model of oxida-
tive protein folding (for recent reviews see [15–17]) electrons are
carried from substrate proteins towards molecular oxygen by a
proteinaceous relay system composed by PDI and Ero1 (Fig. 1, pink
planes). PDI is responsible for the formation of disulﬁde bonds in
substrate proteins by a thiol – disulﬁde exchange mechanism,
while Ero1 isoforms transfer the electrons from PDI to oxygen,
maintaining the oxidized state of PDI required for further cycles
of disulﬁde formation.
3. Antithesis
Although several other enzymes and small molecular weight
prooxidants can contribute to the oxidation of protein thiols, from
the discovery of Ero1p the protein relay hypothesis has become
dominant. The widely accepted deterministic model of oxidative
protein folding has been challenged by the results of a recent work
[18]. It was observed that mutant mouse lacking both isoforms of
Ero1 is viable; a residual oxidative folding of insulin is still present,
and most importantly, the oxidative folding of IgM shows only aFig. 1. Multiple oxidant hypothesis of oxidative protein folding. Several prooxidants pr
pathway (pink planes) is allegedly supported by other ER oxidoreductases (green). Alter
indicated as orange ovals. The direction of the electron transfer is marked with arrows.
PDI, protein disulﬁde isomerase; QSOX, quiescin sulfhydryl oxidase; ROS, reactive oxygemodest delay in these mutants. These ﬁndings provide strong evi-
dence for Ero1-independent mechanism(s) of oxidative folding.
Beside Ero1, two other groups of enzymes have been proposed
as alternative pathways of oxidative folding for some time past
(Fig. 1, green symbols). However, their general role is at least dubi-
ous. The enzymes of the QSOX (quiescin sulfhydryl oxidase) super-
family are ﬂavin-containing sulfhydryl oxidases, which can
catalyze disulﬁde bond formation [19]. However, they are localized
rather to the Golgi apparatus than the ER [20]. Moreover, QSOXs
are not ubiquitous; e.g. they are absent in the liver [21]. VKOR
(vitamin K epoxide reductase) generates the reduced (hydroqui-
none) form of vitamin K, which is used by the vitamin K-dependent
c-carboxylase as a cofactor during c-carboxylation. VKOR is work-
ing in a complex with PDI, probably connecting to the vitamin K
cycle to disulﬁde bond formation [22]. Although the gene is ex-
pressed ubiquitously [23], c-carboxylation is obviously a lower
capacity pathway than disulﬁde bond formation, therefore its con-
tribution cannot be fully accountable for the oxidative folding.
Participation of enzymes other than PDI and Ero1 should not
necessarily be considered in the oxidative folding. The lumen of
the ER is an oxidative environment where low molecular weight
oxidants are generated and accumulated. Local oxidoreductases,
membrane transporters and the relative absence of antioxidant en-
zymes all contribute to the generation of an oxidizing milieu [24].
It can be supposed that these seemingly disadvantageous condi-
tions serve a common aim: the facilitation of the oxidative folding.
The accumulated prooxidants can act as electron acceptors receiv-
ing electrons from substrate proteins, PDI or Ero1. From this aspect,
the role of reactive oxygen species (ROS), redox-active vitamins (C,
E and K) and metalloproteins has been raised (Fig. 1, orange ovals).
ROS are produced within and around the ER. The organelle is
particularly rich in oxygenases and oxidases (e.g. cytochrome
P450s, ﬂavin-containing monooxygenases, prolyl and lysyl hydrox-
ylases, NOX4), which often produce ROS as a byproduct [2]. Besides
enzymatic processes, hydroxyl radical generation by an iron-
dependent Fenton reaction has also been reported in the ER [24].
FAD-containing oxidases including Ero1 family members generate
one molecule of hydrogen peroxide per disulﬁde bond formed [14].
Although H2O2 is usually viewed as a harmful byproduct leading toomote to the oxidative folding in the ER. The classic proteinaceous electron relay
native electron acceptors (both low molecular weight compounds and proteins) are
Abbreviations: AA, ascorbate; DHA, dehydroascorbic acid; Ero1, ER oxidoreductin 1;
n species; vit, vitamin; VKOR, vitamin K epoxide reductase.
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the formation of disulﬁde bonds from cysteine thiols via a sulphe-
nic acid intermediate. Exogenous addition of H2O2 to cells results
in the formation of both protein sulphenic acids and protein disul-
ﬁdes [25,26]. A recent in vitro study demonstrated that H2O2 added
directly or generated enzymatically was able to promote the oxida-
tive folding resulting in the efﬁcient formation of a natively folded
protein containing proper disulﬁde bonds. H2O2 can also oxidize
the active site of PDI and less efﬁciently GSH to GSSG [27].
Hence it is possible that H2O2 generated by Ero1 during disul-
ﬁde bond formation in vivo is utilized in turn for the formation
of further disulﬁde bonds. Moreover, there are certainly other
H2O2-generating oxidases in the ER lumen (e.g. L-gulonolactone
oxidase; [28]). H2O2 produced by those oxidases can be also used
productively in the oxidative folding.
The presence of H2O2 – and other ROS – represents a continuous
oxidative challenge in the ER lumen. H2O2 beside the above
mechanisms can be eliminated at the expense of glutathione by
glutathione peroxidase, phospholipid hydroperoxide glutathione
peroxidase [29], and peroxiredoxin IV [30]. The disulﬁde bond in
GSSG may be transferred by a thiol/disulﬁde exchange to a folding
protein either directly or mediated by an enzyme of the PDI family.
Several redox-active vitamins have also been implicated in the
mechanism of oxidative folding. Dehydroascorbate – the oxidized
form of ascorbate – can be generated by the reaction of ascorbate
with ROS in the ER lumen, or can be transported into the ER [31–
33]. Dehydroascorbate has been used as an oxidant in disulﬁde
bond formation even in vitro [34], in a relatively slow non-cata-
lyzed reaction. However, several thiol-dependent dehydroascor-
bate reductases have been described, including PDI [35,36]. PDI
oxidized by dehydroascorbate can generate disulﬁde bonds in fold-
ing proteins. Indeed, an in vivo role for dehydroascorbate in disul-
ﬁde bond formation has been proposed on the basis of results
gained in a microsomal model [31–33,37–41]. Tocopherol may
act as a facilitator of a transmembrane electron ﬂow in this model
[39]. A recent reexamination of the possible role of PDI as a dehy-
droascorbate reductase revealed that the PDI-catalyzed reaction
was too slow. However, dehydroascorbate can rapidly react with
dithiols in unfolded or partially folded proteins in a PDI-indepen-
dent manner [42].
Vitamin K is a collective term covering several related com-
pounds. The principal physiological function of vitamin K is to pro-
mote the c-carboxylation of c-carboxyglutamate containing
proteins (see above). Thus, oxidized form of vitamin K is a possible
electron acceptor of PDI. Moreover, menadione (vitamin K3) con-
taining a dione structure similarly to dehydroascorbate can also
act as an in vitro electron acceptor in disulﬁde bond formation.
Besides molecular oxygen, reduced Ero1 can transfer electrons
to alternative acceptors. Free FAD has been identiﬁed as a possible
prooxidant at this step [43–45]. Observations in bacteria (i.e. the
functioning of the analogue Dsb system) suggest that other accep-
tors, e.g. various metalloproteins and intermediates of the anaero-
bic metabolism may also exist. Although experimental difﬁculties
prevented the complete mapping of the possible partners in case
of Eros, certain metalloproteins (cytochrome c, cytochrome b5,
and the copper-containing azurin) were shown to act as experi-
mental electron acceptors [43].4. Synthesis
ROS and other lowmolecular weight prooxidants act as electron
acceptors at different stages of the oxidative folding (Fig. 1). The
electron ﬂow between PDI and molecular oxygen blocked by the
absence of Ero1 may elude by utilizing them. This hypothesis
might explain the poor representation of antioxidant enzymes(e.g. catalase, superoxide dismutase) in the ER lumen; due to their
absence the ER works as an accumulator of oxidative power, which
can be turned to oxidative folding. In other words, cysteinyl thiols
of the newly synthesized luminal proteins supply the reducing
power for the antioxidant defense of the compartment. The multi-
plicity, redundancy and interchangeability of the oxidizing agents
ensure that the oxidative folding can work without fatal distur-
bances even in the absence of Ero1 or alternative electron accep-
tors, e.g. in hypovitaminoses. Indeed, in vivo vitamin C deﬁciency
[40] or riboﬂavin deﬁciency in cultured cells [46] resulted in partial
ER stress only, while the inhibition of the vitamin K cycle by war-
farin led to the down regulation of PDI A3 [47]. Thus, while in a
unicellular eukaryote a single ER oxidant (i.e. Ero1p) sufﬁces the
demand of the oxidative folding, multicellular organisms recline
upon a complex network of prooxidants. (It should also be noted
that yeast does not synthesize ascorbic acid.)
Due to the multiplicity, redundancy and interchangeability of
the putative oxidizing agents contributing to oxidative folding,
experimental support for the proposed hypothesis must be derived
from the complexity of studies. The method developed and has
been applied successfully by Ruddock and coworkers [27,42] is
appropriate for the in vitro screening of the putative electron
acceptors. The effect of the identiﬁed compounds can be investi-
gated further in cultured secretory cells either derived from Ero1
double knockout mice or silenced for both Ero1 isoforms, by mea-
suring directly the folding of the secreted proteins or indirectly the
consequent UPR. Furthermore, the effect of up- or downregulation
of proteins involved in the synthesis, breakdown or membrane
transport of the small redox-active compounds should also be
envisaged. From those observations the role of low-molecular-
weight prooxidants in oxidative folding can be ﬁrmly substanti-
ated, denominating the most signiﬁcant ones. On the other hand,
the contribution of QSOX or VKOR enzymes (and presumably
other, presently unknown oxidases) to the oxidizing power of the
ER in mammalian cells lacking Ero1 should also be determined.
What can be the role for Ero1 in this model? Ero1 activity is
thought to be a major determinant of the redox homeostasis of
ER lumen. Recent observations suggest that the luminal hydrogen
peroxide concentration is higher than that of the cytosolic one, due
to Ero1 activity [48]. Since built-in mechanisms control Ero1 activ-
ity in hyperoxidizing conditions, the enzyme may play a role in the
ﬁne tuning of the ER redox homeostasis. Indeed, redox imbalances
are shown to be antagonized by altered Ero1 activity in simple
eukaryotes. Moreover, Ero1 has speciﬁc functions in the regulation
of calcium ﬂuxes from/to the ER [49] and in speciﬁc subdomains of
the ER [50].
In conclusion, we formulated a new model of oxidative folding
in which the oxidative power is supplied by various prooxidants in
a stochastic way. The redundancy of oxidizing agents may ﬁt the
importance of a vital process.
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